ABSTRACT Methods have been developed for the simultaneous determination of total water, inulin space, and K and Na content in muscles of 0.5 to 10 rag. wet weight. These methods have been used to define steady state conditions with respect to intracellular K concentration in papillary muscles from cat hearts perfused and contracting isometrically at 27-28°C. and at 37-38°C. Cell volumes and intracellular ionic concentrations have been followed as a function of the external K concentration and compared with values predicted on the basis of electroneutrality and osmotic equilibrium.
in small muscles by shortening the path of diffusion from the center of the tissue to the bathing medium.
The preparation has been employed extensively for measurement of membrane potentials and allied electrophysiological phenomena and for studying th~ effects of ionic environment on contractile parameters. Although these properties depend on the transfers of K and Na ions across the cell membrane, the exact relationships have had to remain speculative because the ion content of papillary muscles small enough to meet the Hill criterion has been an order of magnitude below the resolution of available chemical methods. The present paper presents methods for simultaneous determination of total water, inulin space, and absolute K and Na content in papillary muscles of the desired size. The intracellular K concentrations of contracting muscles with wet weights of 0.5 to 10 rag. have been determined as a function of time of incubation at 27°C. and 37°C. We have also studied the effect of changes in external K concentration at 27°G. on muscle volume and internal K concentration.
E X P E R I M E N T A L M E T H O D

Procedure
The experiments were conducted on 74 lean cats weighing 1.3 to 2.3 kg. The animals were anesthetized intraperitoneally with pentobarbital, 100 to 120 rag. per kg. The heart was rapidly excised and the right ventricular cavity exposed by a transverse incision in the right atrial appendage. The left ventricle was opened by cutting off part of its wall, and the heart was quickly rinsed free of surface blood by successive immersions in cat Ringer's solution at room temperature. The heart was then pinned to a specially devised dissection chamber in which the opened right ventricular cavity could be continually perfused at 23-25°C. by rapidly flowing oxygenated cat Ringer's solution. The lower (myocardial) end of the papillary muscle was firmly attached to an 0.008 era. enameled cupron wire by a size 6-0 silk suture around the muscle. A second silk tie was placed around the tendinous valve immediately adjacent to the upper end of the muscle. The muscle was then cut free from the heart by severing the valve above the upper tie and the myocardium below the lower tie. It was pulled directly from the dissection chamber into the perfusion apparatus in which the preparation was rapidly perfused with an oxygenated, thermostated solution. An 0.0023 era. nichrome wire attached to the valvular end was led to a strain gauge, and the muscle was stimulated to contract quasi-isometrically at a predetermined rate. Resting and twitch tensions were monitored. If the mounting and contractions were satisfactory, the perfusion medium was drained and exchanged for one containing C14-1abeled inulin carboxylic acid. The muscle was stimulated to contract at a rate of 20/min. for 1 hour, after which it was quickly removed, cut between the two silk sutures so as not to include portions crushed by the tie, blotted lightly by rolling between two sheets of ashless filter paper, and analyzed for total water, inulin space, K, and Na. The first series of experiments was carried out at 27-28°C. The second series of muscles was examined at 37-38°C., the temperature being raised to this level after the muscle was in place in the perfusion cfiamber. A final series of muscles was incubated at 27-28°C. for 2 hours in solutions of altered K concentration.
Solutions
The composition of the bathing solution used in these experiments is shown in Table  I . Solution A approximates the K and Na concentration of cat plasma as determined by Fenn et al. (6) . Solutions B, C, and D are isosmolar with solution A with K concentrations of 1, 25, and 50 mM, obtained by substitution of KC1 for NaCI. Solution E is made by increasing the ionic strength of sodium Ringer's solution by the addition of solid KC1 to a final concentration of 50 mM K. In all experiments the dissection was carried out in the medium later used for incubation. Fresh solutions were made up for each experiment from ten times concentrated refrigerated stock solutions, the glucose being added as a solid to the diluted solution. The precipitate of calcium salts which formed on making up the diluted solutions was redissolved by bubbling with 100 per cent CO2, and the final pH was adjusted to 7.3-7.4 with 95 per cent 02-5 per cent CO~. C14-inulin was added in a concentration of 2.5 mg./ml. (1.3 mM, based on an approximate molecular weight of 2000). Specific activity of the inulin was 1.37/zc./mg.
Dissection Procedure
Early in the course of these experiments it was found that either inadequate oxygenation or damage to the tissue led to a decreased K content and unsatisfactory contractile responses. To facilitate careful, gentle dissection this procedure was carried out in a chamber in which the tissue could be adequately oxygenated for periods of 10 to 30 minutes. The rectangular, 3 cm. deep lucite chamber developed for this purpose ( Fig. 1 ) was divided into a larger (10 X 10 cm.) and a smaller (61~ X 10 cm.) compartment by a double monel metal screen mounted in lucite. The solution which was pumped (Eastern Industries pump model B-l) into the smaller compartment was saturated with oxygen by flowing over a large sintered glass disc which admitted finely dispersed gas (95 per cent O~-5 per cent CO~). After passing through the metal screen, the oxygenated fluid flowed over the preparation, which was pinned to the rubber floor of the larger compartment. The effluent was returned to the pump. Flow rates were regulated by a variable transformer in the pump motor circuit.
The screen served as a trap for foam which would otherwise obscure the preparation. A certain amount of protein was found to diffuse out of the interspaces and severed blood vessels of the heart even after extensive rinsing. Foaming was produced on exposing this dilute protein solution to the turbulent stream of finely divided gas bubbles from the sintered glass disc. Inadequate oxygenation was further minimized by carrying out the dissection at 22-25°C.
Perfusion Apparatus
The apparatus shown in Figs. 2 and 3 is a lucite chamber for perfusing the muscle with a recirculating volume of 10 to 15 ml. at linear flow rates exceeding 3 cm./sec. The gas bubbled through the solution was saturated with water vapor. The C14-inulin concentration in the perfusion apparatus remained constant after 3~ hours at 27 ° and 2 hours at 37°C., showing that progressive concentration of the incubation medium due to evaporation of water had not occurred.
Stimulating and Recording Devices
Stimulation was effected by a Grass model S4E square wave stimulator using 10 millisecond impulses at a frequency of 20/rain. and voltages arbitrarily chosen to be Florins I. Dissection chamber.
well above the threshold determined after several minutes of equilibration. A Grass model FT 03 strain gauge led via a preamplifier to the Grass model H925-P ink writer, which recorded resting and twitch tensions. This apparatus is suitable for simultaneous monitoring of resting and maximal developed tensions, but its slow response precludes detailed analyses of contractile parameters. An attempt was made to stretch the muscle to its apparent in situ length in the heart. In practice it was found that over a 10 minute period the resting tension and length usually became constant, presumably at the expense of the internal and series elastic elements, the final length approximating the in situ length.
I
Fmum~ 2. Muscle perfusion chamber. Fluid pumped into the lucite reservoir is oxygenated by the 95 per cent Or-5 per cent CO2 mixture streaming out of the sintered glass disc (a), and then descends into the muscle chamber proper. This chamber is a lucite cylinder, length 1.5 cm., I.D. 3 ram. Near its upper end a silver wire serves as the anode of the stimulating circuit. The eye of a gold-plated sewing needle near the lower end of the chamber acts both as a midstream anchor for the lower end of the muscle and as the cathode of the stimulating circuit. The chamber is connected to a length of tygon tubing (0.3 cm. I.D.). The perfusion fluid passes through the rollers of a pump (American Instrument Co. model 5-8952) and through a small condenser for thermostating before it is returned to the reservoir.
In media containing 25 mM and 50 m~ K (solutions C, D, and E) muscles were inexeitable by ordinary stimuli. In 1 mM K (solution B) muscles initially showed spontaneous activity which had subsided by the end of the 2nd hour of incubation.
Total Water
This was measured using four Misco quartz helix ultramicrobalances with capacities of 2, 4, 9, and 15 rag. The balances could be read to ~'~0o0 of the capacity load. They were calibrated using weights previously weighed to a precision of 4-1 or 4-10 #g. by Misco. All weighings on the 2 and 4 rag. capacity balances, in which nonlinearity is significant, were started at approximately the same baseline reading as that used for calibration. For the 2 rag. balance, special lens paper pans, made with
• x96o a 6 mm. cork borer, replaced the commercially available aluminum pans. T h e reproducibility of ten consecutive weighings was 4-0.22 per cent. (Statistical evaluations of all analytic methods are at the 99 per cent confidence level, P = 0.01, using the Student t-test.) After cutting and blotting, muscles were transferred to the appropriate helix, and the wet weight was recorded; the balance case was evacuated and the muscle dried to constant weight in vacuo under an infrared lamp. Following cooling and readmission of air, the displacement due to water loss was recorded, and the muscle was transferred to a higher sensitivity balance to obtain a more precise dry weight. . A parafilm gasket between the two halves keeps the assembly water-tight. The entire assembly is shock-mounted as a unit with the strain gauge, which may be raised or lowered by means of a micrometer screw.
A correction was applied to the wet weight to compensate for surface water evaporation during the time of transfer from the blotting paper to the balance. A stop-watch was started immediately after blotting and stopped at the moment the wet weight measurement was determined. At this time a second stop-watch was started and the decrease in the weight over 30 to 60 seconds was recorded. A corresponding correction was added to the initial wet weight assuming linearity of weight loss over the interval of measurement (never in excess of 90 seconds).
Inulin Space
After desiccation and weighing, muscles were placed in vycor test tubes. T h e C14-inulin, Na, and K were simultaneously extracted into a volume of 0.1 N H N O 3 which exceeded that of the muscle by a factor of 100 or more---0.5 hal. for muscles with dry weight < 0 . 8 rag. and 1.0 ml. for the rest. After covering with parafilm the tubes were agitated in a shaker for 48 hours at room temperature. Since the vycor tube and the parafilm cover are both water-repellent, the surface of the solution has the greatest affinity for water molecules, and evaporation losses are negligible. Ten 0.5 ml. samples containing NaI TM incubated in this manner for 24 hours showed no change in radioactivity per unit volume. Control studies in which the homogenized extracted muscles were placed on aluminum planchets and assayed for radioactivity as described below showed that this procedure extracts a minimum of 98.6 per cent of the counts present.
The C14-inulin carboxylic acid (New England Nuclear Corporation) was assayed on lens paper discs in aluminum planchets. Measured volumes were delivered on to the discs in the following sequence: 100/A. 60 mg. per cent aerosol spreading agent, 200 /A. 0.1 N H N O 3 extracting solution (or 200 /al. of incubation medium diluted ~'500 with 0.1 N HNOs), and 250/A. 3 per cent sucrose solution. After mixing and drying, the planchets were counted in a flow counter. Reproducibility (P --0.01, t-test) for ten consecutive samples was never worse than 4-4.1 per cent and usually 4-2.5 per cent or better. All samples had counts of more than ten times background. The self-absorption curve for Cl¢-inulin assayed in this way was linear over the range encountered in these experiments.
K and Na Determinations
Since minute amounts and low concentrations of Na and K are involved, great care must be taken to avoid contamination of reagents and glassware and to prevent loss during transfer. and Co. "Spec-Pure" reagents and prepared as follows to avoid repetitive transfers and redilutions: 3.7277 gin. KC1 and 2.9227 gin. NaC1 were weighed on an analytical balance and delivered into a 500 ml. volumetric flask (half full of water to avoid adsorption of ions on the glass surface) which was then made to volume to prepare a stock 100 mM solution. The standards were made in a one-step dilution and stored in polyethylene bottles with clamped spouts.
(b) Analytical Procedure The original procedure was to evaporate the residual 0.3 mh of 0.1 N HNO3 remaining after removal of the sample used for inulin analysis. The barrel and bottom of the vycor tube were heated very gently, with special precautions not to bring the fluid at the bottom of the tube to a violent boil and not to heat the bottom of the tube when dry. By keeping the barrel warmer than the bottom, the digestion mixture could be evaporated without spatter in about 15 minutes; 0.2 ml. of concentrated H N O 3 was then added and the evaporating procedure repeated. Subsequently it was found that identical analytic results were obtained by ashing a 200 t~l. aliquot of the same solution used for inulin analysis. To check the completeness of Na and K extraction after 48 hours, the extracted muscles were blotted and ashed, and their ion content compared with the total extracted from the muscle in the supernatant. The residual K and Na accounted for less than 0.3 per cent and 1.0 per cent, respectively, of the total. After ashing, samples were diluted in the same vycor tubes to a concentration of 20 to I00 ~M, mixed thoroughly, and analyzed in duplicate for Na and K in 500 #1. lucite microcuvettes using the flame photometer of Solomon and Caton (7) . Reproducibilities (P = 0.01, t-test) of the flame photometric procedure for ten consecutive paired K samples at concentrations of 10 ~M, 30 ~M, and 65 p~a were, respectively, 4-2.6 per cent, 4-2.8 per cent, and -4-2.0 per cent. Neither Na nor PO4 was found to interfere with the K signal on this instrument. Recovery for the entire procedure in which 500 #1. of 45 #M standard solution (well below the amount present in an actual sample) were ashed, redissolved, and analyzed on the photometer was 100.6 4-1.7 per cent for K (ten samples) and 102.4 4-2.3 per cent for Na (seven samples). The latter figure reflects the difficulty of avoiding Na contamination.
(c) Calculations Intracellular ion concentrations were derived as follows, using K for illustrative purposes.
the intracellular K concentration the K concentration of the medium the total K content of the muscle the volume of the inulin space the volume of the total muscle water, assuming a specific gravity of 1.00 0.987 = the weight fraction of the inulin space which is water The inulin space was derived in the conventional manner assuming that complete equilibration between the extraeellular space and the incubation medium occurs during the incubation period. No assumptions were made as to the physical state of the intracellular Na.
R E S U L T S
The Intracellular K Concentration T a b l e II presents the calculated intracellular concentrations of twenty-eight muscles contracting in n o r m a l cat Ringer's solution at 27 to 28°C. for periods of up to 3 hours. T h e very satisfactory a g r e e m e n t a m o n g values for intracellular K concentration in muscles of widely scattered weight from different animals after I h o u r of in vitro contraction serves as an internal check on the analytical methods (and on this m e t h o d of calculating intracellular concentrations). T h e m e a n K concentrations at 1 and 2 hours and those at 2 and 3 hours are not significantly different. T h e a p p a r e n t increase of 10 mMols/kg. (2.9 per c e n t / h o u r ) between the concentration at 1 h o u r and at 3 hours is barely significantly at the 95 per cent confidence level (P = 0.05, t = 2.143). This small increase may reflect a small increase in the fraction of total water occupied by the inulin space or a minimal cellular uptake of K between the 2nd and 3rd hours of incubation. In any case, the concentrations are sufficiently constant so that steady state calculations may be applied. Table III shows the corresponding data for experiments carried out at 37-38°C. At this higher temperature the procedure used for obtaining wet weights at 28 ° consistently underestimated the total water content because of excessive loss of water by evaporation from the surface of the muscles during
T A B L E I I I C A T I O N AND W A T E R C O N T E N T OF P A P I L L A R Y M U S C L E S
A T 37-38 ° C. transfer of the tissue from blotting paper to balance. Consequently a uniform figure of 76.0 per cent (per cent H~O/wet weight) was employed because it resulted in the least scatter of the calculated intracellular K concentrations. Our 1 hour value of 155 q-5 mMols/kg, intracellular water should be compared with the value of 154 -4-9 muols/kg, obtained by Robertson et al. (8) for cat right ventricle analyzed immediately after death and calculated from the chloride space instead of the inulin space. The intracellular K concentration after 2 hours' incubation is significantly higher than after 1 hour, and does not differ significantly from the 2 and 3 hour values obtained at 27-28°C. Moreover, the data for the higher temperature suggest that the inulin space may expand.
Contractile Responses
It was found that at both 27-28°C. and 37-38°C. resting tensions declined to a stable value after about 10 minutes of incubation. The twitch tensions developed on stimulation increased progressively at 27-28°C. and were still increasing when experiments were terminated at the end of 3 hours. In experi- ments carried out at 37-38°C. twitch tensions progressively declined over the 2 hour period. This decline in twitch tension was observed in muscles of small ( < 1.2 ram.) and large ( > 1.2 ram.) diameter. 
T A B L E I V CATION AND W A T E R CONTENT OF PAPILLARY MUSCLES* AS A F U N C T I O N OF M E D I U M [K]
Experiments with Altered K Concentration and Osmolarity
3.22).
The data do not allow a clear distinction as to whether this lower intracellular K concentration represents a new equilibrium value or an inability at low external K concentration to reaccumulate the K lost during dis-
section in the 1 mM K medium. At 25 mM the mean intracellular K concentration of 176 4-3 mMols/kg, after 3 hour incubation is not significantly different from the 2 and 3 hour values in physiological Ringer's solution.
When the K concentration of the medium is raised to 50 mM, the intracellular K concentration still does not increase, having a value of 177 4-2 mMols/kg. The cell volume per 100 gm. of muscle may be calculated by subtracting the extracellular water, determined from inulin measurement, from the water content of the tissue. The relative volumes are given in Table I V after normalization to a value of 1.00 for the cell volume in physiological K concentration. The changes in observed cell volume are unexpectedly small, the only significant volume changes occurring at K concentrations of 25 and 50 mM.
When the K concentration is increased to 50 mM by adding solid KC1 to the solution, the intracellular K concentration rises markedly, as shown in the last line of Table IV, though the relative cell volume remains constant.
When the muscles were damaged or rendered severely anoxic during dissection, the calculated intracellular Na concentration rose. This increase was not necessarily associated with a fall in cellular K concentration. Since only muscles rejected prior to analysis were excluded from the statistical evaluation, the mean intracellular Na concentrations show a bias toward high values with unduly large dispersions about the mean. Furthermore, the inulin molecule by which extracellular space is measured is much larger than the Na ion. Thus, the inulin space might be smaUer than the true extracellular Na space, causing the tabulated values of [Nail to be too high. It is clear from Table  I V yo ----the concentration of oxygen in the medium (atmospheres). a = the rate of oxygen consumption in ml./(cm) tissue, min.).
A theoretical treatment for the depression of metabolism in a cylinder with an anoxic core has been given by Larrabee (10) . The available data on oxygen uptake in cofitracting cat papillary muscle are those of Lee (11) and of Whalen (12) . From these data the value of a may be calculated for a temperature of 37 °C. and an oxygen concentration of 0.95 atm. The corresponding figures for ro' are 0.67 ram. and 0.60 mm. Consideration of the experimental conditions under which these figures were obtained suggests that the oxygen uptakes found may have been lower than those obtaining physiologically. Both authors described conventional manometric techniques in which the contracting muscles used up oxygen in a closed vessel. The consequent fall in partial pressure of oxygen was followed as a function of time and the rate of oxygen consumption calculated from the mean slope of the partial pressure-time curve. It was found necessary to raise the partial pressure of oxygen to 0.95 atm., since at lower partial pressures the core of the tissue would no longer be penetrated by adequate oxygen tensions. Since this method of respirometry entails progressive lowering of the partial pressure of oxygen, it involves the implicit assumption that the rate of oxygen uptake remains constant under conditions of oxygen deficiency. Such an assumption is not consistent with the finding by Chance (13) that oxygen deficiency depresses the rate of oxygen uptake; a similar depression has been demonstrated by Fuhrman et al. (14) in slices of rat ventricle and by Greenspan and Cranefield in Purkinje fibers from dog ventricles (15) .
T o avoid oxygen deficiency we have carried out most of our measurements at 27-28°C. and at low stimulation frequencies. The mean wet weight of twenty-eight muscles incubated at this temperature (Table II) was 3.66 -4-0.39 mg., which corresponds to an approximate mean radius of 0.65 mm. In order to investigate the possible effect of oxygen lack at 37-38°C. the intracellular cation concentrations were also measured at this higher temperature. As shown in Table III , the cation concentrations after 2 hours of incubation at 37-38°C. are not significantly different from those found at 27-28°C. This finding is consistent with the assumption of adequate oxygenation at the higher temperature if the intracellular cation concentrations may be taken as an index of adequate oxygen supply. Furthermore, there is no correlation between muscle size and intracellular K concentration either at 27-28°C. (Table II) or at 37-38°C. (Table III) . Nonetheless, in the succeeding section we have based our conclusions on results obtained at 27-28°C.
When the muscles are incubated in isosmolar solutions in which the K concentration is increased at the expense of Na, the cells swell very little, as shown in Table IV . These results differ appreciably from those obtained on frog sartorius muscle by Boyle and Conway (16) , who found relative muscle
volume to increase markedly in response to increased extracellular K concentration, rising to (18) found a resting potential difference of 88 4-0.6 mv. Hoffman and Suckling, who examined both dog and cat ventricles and state the potentials in both to be the same (19) , obtained a mean resting membrane potential difference, E,,, of 85 my. for dog papillary muscle (20) in a medium containing 2.7 rn~ K at 38°C. Giebisch et al. (21) , who took precautions to avoid errors due to tip potentials, found E,, in cat skeletal muscles perfused in situ with Tyrode's solution containing 3.8 mu K to be 92.0 4-6.5 my. Since the intracellular Na and K concentrations in Tables II and III are not significantly different at 27-28 ° and 37-38 °, E,, may be expected to be likewise independent of temperature over this range. Measurements by Hoffman (as be assumed to obtain at 27-28°C., [X]~ would equal 5.4 m_u (6.1 mM if the membrane were permeable to HCO3). Since the extracellular HCO3 is only 12 per cent of the total extracellular anion content, the assumption of HCO 3 impermeability will not change the nature of our conclusions. It is more difficult to justify the application of Trautwein's potential to experiments with an extracellular K concentration of 5.32 mM.
Although the small size of the muscle and its low C1 concentration do not permit direct C1 determinations by the usual microanalytical methods, C1 concentration may be estimated from muscle shrinkage when immersed in isosmolar SO4 solutions I for a 3 hour period at 27-28°C. In a set of six experix The isosmolar SO4 solution contained (in mM): Na, 115.4; K, 5.32; Ca, 7; Mg, 0.56; HPO4, 1.30; H~PO4, 0.21 ; SO4, 60.9; sucrose 182.2; and glucose, 5.5. The solution was shaken with solid CaSO4 at a concentration of 7 mM and the small amount of remaining fine precipitate filtered. For purposes of the ionic strength calculation, the Ca concentration of the final solution was taken as 1 raM/liter. The solution, oxygenated with 100 per cent 02, had a final pH of 7.2. The calculated isosmolarity was confirmed by measurement of freezing point depression. Contractile responses did not differ from those in solution A. following e q u a t i o n derived from E q u a t i o n 3 on the assumption of an equilibr i u m distribution of C1. (6) in which A~k is the potential difference and R, T, and F have their usual meanings. T h e potential differences calculated by this equation are given in T a b l e VI. W e have chosen to use A = 170 in these calculations, since it decreases the discrepancy between this calculated potential difference and the K equilibrium potential difference given in the adjacent column. T h e striking difference between these two estimates m a y also be illustrated with a different p a r a m e t e r . Table  VI . b is not a constant independent of [K]o, but rather a variable that is usually negative.
A~b = (RT/F)
Thus our experimental results are seen to be at variance with expectations when each of several parameters is examined. It is possible that the bias towards high intracellular Na values, which has been discussed earlier, could cause the observed disagreement. In order for the predicted relative cell volume at 50 mM [K] o to equal the figure of 1.15 actually observed it would be necessary for the true intracellular Na to have a value of 9.2 mM instead of the value of 29 4-4 actually observed.
If however, the calculated values of [Na]~ are valid, assumptions used to derive Equation 6 would appear to be in error. Thus it would be possible for the content of indiffusible cellular anion to be variable, rather than constant as has been assumed. However, the data presented in Table V and the observations of Boyle and Conway (16) make this possibility unlikely. The cell might be impermeable to C1, though the observed shrinkage in SO4 solutions suggests that this is not the case. If these possibilities are ruled out, and a systematic error in intracellular Na concentrations has not been introduced, we are left with two further alternatives: either C1 distribution is not passive, or the Na pump is not electroneutral. Although the prospect of an electronegative pump, as suggested by the negative values of b, would seem preferable to a C1 pump, it is not possible to discriminate between these two possibilities on the basis of the present experimental evidence. Definite conclusions about the nature of the ion transport system in cat papillary muscle must await precise measurements of resting potential as a function of extracellular K concentration.
